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Abs(ract  — Charge-Coupled I)cvicc (CCI))  basecl star
trackers provide rcliahlc attitude estimation onboard most 3
axis stabilized spacecraft. The spacecraft at~itudc is
calculated based on observed pc)sitions of s(ars, which arc
Iocatcd and identified in a CCIJ image of the sky.

A new photon sensitive imaging array - Active Pixel
Sensors (APS) - has emerged as a potential replacement to
CCDS. The AI% chips utilize existing Complementary
Metal Oxide Semiconductor (CMOS) production facilities,
and the technology has several advantages over CCD
technology. These include: lower power consumption,
higher dynamic range, higher blooming thrcshoki,
individual pixel readout, single 3.3 or 5 Volt operation, the
capability to integrate on-chip timing, control, windowing,
Analog to Digital (A/fJ) conversion anti ccntroiding
operations. However, because the photosensitivity of an
APS pixel is non-homogeneous, its suitability as a star
tracker imager  has been unknown.

This paper reports test results of a 256 x 256-pixel AI’S chip
for star tracker applications. Using photon transfer curves, a
systcm read-out noise of 7 electrons, under laboratory
conditions, has been determined (photogatc  type). The full
well of an APS pixel is determined to be around 450,000
electrons. Utilizing astronomical observations, the
sensitivity of APS was measured to 13600 c-/(seco~~(i.1~~t~12)
for a O’t’  magnitude star. Centroiding  accLIIacy of the AI’S
was in the order of 1/1 O pixel. The dynalnic range of the
AI’S was better than 9 magnitudes.

These measurements allow LM to conclude that the AI’S is a
potential replacement for CCD star trackers.
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1. INTRODLICTION

‘1’ypically the attitude of a 3 axis stabiliz.cd  spacecraft is
determined by a star tracker. A star tracker is an electronic
camera connecled  to a microcomputer. Using a sensed
image of a portion of the sky, stars can be located and
identified. Thus the orientation of the spacecraft can bc
determined based on these observations. A modern star
tracker is fully autonomous - i.e. it automatically performs
pattern recognition of the star constellations in the field of
view and calculates the attitude quatcrnion  with respect to
the celestial sphere, see figure 1 [ 1], [2]. State of the art star
trackers utilize CCf) imagcrs.’ ~’hey typically have a mass
of 1-7 kg and consume 5-12 watts of power. lhcir accuracy
is in the arc seconds range [3].

“s. uch as Ihc Lockheed Martin missile Systems AST201 or the Technical
University of Iknmrk  ASC or the C’ompukr  Resources International 15-
AS or the l)aindcr-Benz Aerospace Jcna-Optronik  SETIS.
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Figure 1. Sketch of a modern star tracker.

The motivation for a rcplaccmcnt to the mature CCD
technology is:

● Simplified hardware: A conventional CCD chip
requires different voltages and complicated waveforms
to operate. Typically, 1/3-1 Watt is required to drive a
CCD chip, including several supporting chips. APS
chips operate on a single 3.3 or 5-volt supply. They
corrsumc  an insignificant amount of power and require
no special supporting chips. In addition, it is possible to
implcmnt an onboard  A/D convcrtcr,  which facilitates
a direct communication line to a n~icroconlputcr/
microcontroller. ‘I’his will bc significant to the
construction of star trackers for future micro spacecraft
and probes where power consumption and mass arc
crilicxrl.

● No blooming: Most autonomous star trackers do not
operate well when there arc bright objects present in the
field of view duc to blooming on the CCD chip, This
phenomenon significantly dccrcascs the sky covcragc
for earth orbiting star trackers. ~;uturc National
Aeronautics & Space Administration (NASA) missions
that plan to utilize an autonomous star tracker during
CIOSC encounters with solar systcm bodies will have to
operate with an extended body in the field of view. lhc
blooming problcm is eliminated with an APS basccl star
tracker.

● More radiation resistant: APS technology will
probably bc better suited for high radiation missions
than  CCD tcchno]ogy in ttlc futut”c [4]. ~’hc ]atgCSt

advantage of APS is that the pixels arc addressed
ciircctly, so the Charge l’ransfcr I; fficicncy (C’IW)
degradation that affects CCDS subjcctcd  to proton
irradiation is eliminated.

At present, APS chips suffer an incrcasc  in dark current
with ionizing dose comparable to that seen in
conventional (non-Multi-f ’inncd Phase (M[’P))  CCDS.
However, it is bclicvcd that the usc of pinned
photodiodcs  will eliminate this problcm,  just as the
corresponding MPP technology has done for CCDs.
The residual component of dark current duc to

clisplaccmcnt damage from protons can not bc
eliminated, but is cxpcctcd  bc similar to or Icss than
that in MPP CCDS, In any case, cooling can mitigate
dark current problems.

The usc of commercially available radiation hard
processes, which is already underway, should also offer
improvements, including the elimination of latchup and
minimization of Single Event Upsets (SEU).

1’o clctcrminc  if current APS technology is suitable for a star
tracker, parameters specific to star tracking (e.g. absolute
sensitivity and sub-pixel accuracy) have been investigated.
l’hc evaluation was based on a 256x256 pixel Jet Propulsion
I.aboratory  (JPL) designed APS chip. The APS chip itself
was mounted in a vacuum chamber to cool it without
condensation. Also, a rudimentary support circuit for
transferring the image to a PC was constructed. The setup is
dcpictcd in figure 2.
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Figure 2. The APS setup.

The noise and the full well capacity of an APS pixel were
dctcrmincd  in a laboratory at JPL. The evaluation of the
absolute light sensitivity and the sub-pixel accuracy was
performed at Table Mountain C)bservatory,  Wrightwood,
CA.

2. APS TECHNOLOGY

An active pixel sensor is an imaging array with active
transistors located with each pixel. 1’WO types of APSS exist:
photo diode pixel and photo gate pixel. The tested APS is a
20.4 pm photo diode pixel with 3 transistors pcr pixel.
Typical pixel pitch is - 17x the minimum feature size [5]-
[11 ]. The sensors arc fabricated in a standard CMOS
process. The Hewlett-Packard 1.2 ym N-well CMOS
process was provided through the MOSIS2  service. The
specific chip had a geometric fill factor of 32.570. The
conversion factor is approximately 3 pV/electron.

2 hlOSIS aggrcgaks designs from diff’cmn~ sources onto onc mask set,
allowing designers to obtain snmll  quantities and to share the cost of
fabrication among a number of users.



The pmvcr consumption of Very 1.argc Scale Integration
(VLSI) CMOS is intrinsically low, and locating the CMOS
circuits for timing and control on chip eliminates high
power chip to chip communication. The power consumption
is typically in the 20 mW range. Also, the CMOS will
operate on a single 5 or 3.3 Volt supply.

Advanccmcnts  in VLSI technology arc casi I y incorporated
onto a ncw APS. This includes the ability to provide
additional functionality on a single chip (e.g. A / D
conversion or potentially star ccntroid calculation).
Examples of state-of-the-art AI’S miniature cameras arc
depicted in figure 3,

Figure 3. State-of-the-art APS miniature canlcras,  dcpictcd
with coins for comparisons.

3. LABCJRATORY MHASURI;MEiNTS

When charactcri~ing  an imaging dcvicc,  it is important to
dctcrminc  how many photoelectrons equals onc A/lJ
convcrtcr I)igital N u m b e r  (DN), the number of
photoelectrons in a full well and the number of electrons in
the system read-out noise. One way to dctcrminc  this
empirically is to utilize photon transfer curves [ 12]. A
photon transfer curve, is an XY scatter plot of average pixel
values and temporal pixel variations. The setup for making a
photon transfer curve is dcpictccl in figure 4.

Imaging dcvicc
kguhlted stable

Diffuser light source
Figure 4. Photon transfer curve setup.

After acquiring two similar and homogeneous illuminated
images (or smaller windows in the two images), with a
given exposure tintc, the two images (imrgcl and inlagc2,
each with dimension N. times NY) arc subtracted from each

other pixel-wise to minimize the individual pixel variations.
lhc tmporal pixel variations arc defined as:

N.t Nyxx (image, (i, j) - itttage2 (i, j))2
“ ~ i=] j=]

(1)

N;~Ny -1

The average of the images is calculated as:
N ,  N} N, N)

~N] N (~,y{imagq(i,  j) + ~~irtlngq(i, j)) (2)imagy =  —
1 \ i=l j=l ;=l j=l

The mean DN is shown as a function ofcx~osurc  time in
figure 5.
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Figure S. The mean DN as a function of the exposure times.

The average DNs and the temporal pixel variations are also
measured for multiple average I)Ns,  and the values are
displayed in a XY scatter plot. This is the actual photon
transfer curve. l’hc photon transfer curve for the APS setup
is displayed in tlgurc 6.
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Figure 6. I’hc measured photon transfer curve for the APS
camera setup.

It is assumed that the measured signal in DNs is
proportional to the number of photoelectrons, i.e.:

s = x‘ N ~’/l<+t,,c[t,c/r<,tl.v
(3)

< ,mwrfer

The signal noise, can then be cxprcsscd  as (assunling  the
electronics do not gcncratc  noise indcpcndcntly):

~–-
= x N P/I(IiiIL,le[tt,  IrJ,\

(4)
‘.fi:ml
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c .wxna[  = 1 Nf,),,,t,,c[e(tr,,t,  ,

(5)

Substituting the two equations yiclcls:

Also, noise indcpcnclent of the signal (readout noise) has to
be added:

2
~stg?l[li =  ‘sCOH L,l,r/f,r +02 (7)

rcwlollt

This means that the unknown x, is the slope of the photon
transfer curve. Also, l/slope is equal the number of
photoelectrons per DN. In the photon transfer curve as
displayed in figure 6, the slope of the line is -0.048, which
is equivalent of 20.77 electrons/I)N.

I’hc mean value corresponding to O second exposure time is
(figure 5) equivalent to 45.06 DN. 45.06 DN has a variance
on 20.34 (figure 6) or standard clcviation (square root) on
4.51 DN. This is equivalent to 4.5 I DN * 20.77
electrons/f)N = -94 electrons read-noise.

It musl be emphasized that the amplifier ancl signal chain as
displayed in figure 2 is rudimentary. ‘1’hc  readout noise
would bc much hcttcr if an optin~iTcd  circuit was utilized.
Another test setup at JPL reports readout noise as low as 7
electrons. However, this is using a photogatc  type APS.

Photon transfer curves can also cictcrminc  the full WCII  of a
pixel. In figures 7 and 8, tbc Signal DN is displayed as a
function of the exposure time and the corresponding photon
transfer curve. It is emphasized that the setup was changed
for these measurements, so that the analog amp] ificr gain
was much lower  fw these measurements.
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Figure 8. ‘Ilc measured photon transfer curve for the APS
camera setup.

It is observed in figure 7, that the curve begins to deviate
from a straight Iinc around DN=2000.  This is where the
pixel response reaches non-linearity. The slope of the line in
figure 8 (until DN=2000)  is approximately 0.0044, which is
equivalent to -225 photo electrons/DN. Full well is then
225 * 2000 = 450,000 photoelectrons. This is higher than
CCI)S.

4. ASTRONOMICAL M EASUREMENTS

};or star tracker applications, it is essential to accurately
determine the position of a star using sub-pixel accuracy3.  It
has been unclear whether APS pixels will support accurate
sub-pixel calculations due to their pixel non-homogeneity.

The issue has been thoroughly investigated. The APS
camera was taken to the JP1. operated Table Mountain
Observatory in Wrightwoocl,  CA. The APS camera was
mounted on a 24” tclcscopc,  which was used as a pointing
dcvicc. By commanding the telescope to slew the night sky
near zenith (to nlinin~iT.c  atmospheric perturbation) it is
possible to get multiple samples of a star within one pixel,
I%r the setup, a commercial 50n~n~ f/1.8 Canon photography
Icns was utilized. ‘1’hc field of view covered an inscribed
circle with a cliamctcr  of -5.5°. The 24-inch telescope is
dcpictcd in figure 9.

~ In a star tracker inmgc,  the image is defocused on purpose. This result in a
stnr will trc sltwmd  out over a couple of pixels, ‘f’he position of the star is
calculated as the center  of light (centroid)  based on sevtml pixels,
Resolutions down 10 1/100 of a pixel have been reported.
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Figure 9. I’hc APS setup mounted on a 24-inch telescope at
Table Mountain Observatory, Wrightwood,  CA. ‘l’he  black
arrow identifies the APS camera, The plumbing is an ion-
pump to evacuate the APS chip.

Slcir Cctltroid  I)ctertjlitl[iti[>tt

TO determine the suitability of the AI’S chip as a star
tracker, an estimate of the accuracy in locating stars is
needed. For this purpose, the algorithm described in the next
paragraphs is used to locate stars in the image:

l’hc inlage is sifted for pixels that arc above a given
threshold. Once a pixel is detected, a region of interest
(ROI) window is aligned with the dc(cctcd pixel in the
center. The average pixel value on the border is calculated
(see figure 10) and subtracted from all pixels in the RO1.

~

1“.. ”’.””. ““.””.”. 1

.
“ = Border

Figure 10. The region of interest (ROI), and the border of
the ROI of a detected star.

The ccntroid  and DN arc calculated fron I the backgrounci  -
subtractcd  pixels in the ROI.

ROICIIII ROleIId

‘[)1 = z z ‘“’’’’;;(”;) (9)
i=  ROl.\ktrt  j= ROl.stc!rt

ROI(W(I ROlwll

Y(,)1  =
~ ~ ~)N

j. itqqe(i, j)
(10)i=  ROl\ktrt j= ROl.mlrt

l“hc ccntroid of a typically star during telescope tracking is
displayed in figure 11.
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Figure 11, ‘1’hc ccntroid  position and the DN for a typical
star.

Sl[b-pi.xe[ {tccllrocy  detertnittatim

Assuming that the tclcscopc is moving in a straight path, it
is possible to subtract the motion of the telescope and
measure the rcsidua14. To illustrate this, a scenario is
depicted in figure 12. The telescope is moving in a straight
path over the APS focal plane. ‘1’hc detected star centroids
arc not completely coincident with the real position. A line

4 ,
The residual is dcfmed  as the distance hetwccn the rneasurtxt  star position

and the real star position,



(the residual) is drawn hctwccm the telcscopc  position and
the dctcctcd star centroid.

● ● ● ‘,.
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Figure 12. Illustration of the sub-pixel mcasurcmcn(
figure covers an area on 4x4 pixels.

The

The result of subtracting the tclcscopc motion from the star
ccntroid positions in figure 11 is shown in figure 13.
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The accuracy of the centroiding has been determined for
many stars of different types. ‘1’ypical accuracy is displayed
in Iablc 1 of the y position (the SICW  direction).

‘I’able 1. T ical residuals for different stars.
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As observed in table 1, the APS is able to determine the
ccntroid  of a star to approximately 1/10 of a pixel. In the
case that the s[ar is very faint, the ccntroiding accuracy is
worse than 1/10 pixel. This is comparable to a conventional
(’CD chip.

Light Setlsiti\’ity

‘1’hc  absolute light sensitivity of an APS chip is also very
important, when utilized in star tracker applications. The
AI’S chip has higher quantum efficiency than CCD chips,
but it also has Iowcr  geometric fill-ftactor,  and the micro lens
solution used in some CCD’S have not yet been produced
for APS chips.

1’o dctcrminc  the light sensitivity, a star image was acquired
and identified manually using a star catalog. The measured
DN was normalized for magnitude, pupil area, exposure
time, and electrons/I>N. The star image is displayed in
figure 14, and the magnitude mcasurcmcnts are displayed in
table 2.
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Figure 14. A star in]age acquirccl with the APS chip. Field
of view is 5.5°. F.xposurc  time is 3.06 Seconds. ‘I’hc” I~/no is
1.8. ‘1’hc numbers refer to the identified stars. For
reproduction purposes the irnagc  contrast has been
cnhanccd.

In the setup the gain of the amplifier was set to 30
electrons/DN. Thcexposurc  time was 3.06 scconcls, and the
lens was 50-111111 focal  length and F/no 1.8, i.e. the aperture
of the lens was 27.8 mm and the pupil area was 2428 n]n~2.
A normalized sensitivity of the AI’S chip is dcfirrcd as (for a
magnitude O star):

l’hc conclusion based on table 2 is that the average
norrnaliz,cd sensitivity is -13600  c-/(sccorrds*rnn~2)  for a
rnagnitudc Ostar, which iscornparablc  to CCDs.

l)ytmmic r~ltlge

There is a large span of magnitudes that can bc cncountcrccl
during astronomical observations. In star tracker
applications, the system will typically be adjusted to detect
as much light as possible for detecting many faint stars, A
CCD chip will tend to bloom, ifthcrc is a bright object in
the imagc(c.g.,  aplanct, the moon). I’ocxplorc  this effect,
an image with a bright planet (Mars) was acquired with 30
seconds exposure t imc to dctcrminc i f the planet was
blooming and if it was possible to detect faint stars at tbc
same time. l’hc result is displayed in flgurc 15.

It is observed that faint slars of 8’11 magnitude can readily be
dctcctcd  close to Mars, which approximately had magnitude
–1 at the time. This is a huge dynamic non-blooming range.

The reason that stars fainter than 8th magrritudc arc not
dctcctcd  is duc to the dark current, as the chip had an
opcratirrg  tcmpcraturc  on –0.5°C to 0.5°C. This is typical for
a star tracker application with passive cooling.

5. SUMMARY

‘1’his  paper reports how APS technology will perform when
utilized for star tracker applications. In a laboratory setup,
the readout noise of the AI’S chip was determined to bc 94
electrons (thou~h as low as 7 have been rcnortcd.  for
photogatc  type APS chips). The full WCII  of the ~PS pixel is
approximately 450,000 electrons. The achievable sub-pixel
accuracy was approximately 1/10 pixel and the absolute
sensitivity was comparable to CCf) chips. The overall
conclusion is that the APS technology can bc utilized in star
tracker applications, with similar performance to that of
CCD’s. However, lower power consumption, simplified
operation, Iargcr  dynamic range and potentially better
radiation robustness arc the strengths of the APS
tcchrro]ogy.
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